Canals are important facilities that serve as lifelines by supplying water to urban areas. However, a budget of staggering proportions would be necessary to apply the usual countermeasures adopted in preventing liquefaction to an entire canal. Against this background, the application of sheet-pile with drain as a reasonable mitigation method to reduce liquefaction-related damage to existing flume channels (i.e., uplift/sinking displacement and inclination) based on performance-based design has been studied by authors. This paper confirms good reproducibility for dynamic effective stress FEM analysis with respect to the results of several shaking table tests in 1g gravitational fields and the effectiveness of the proposed countermeasure for actual-scale structures based on this analysis.
INTRODUCTION
Development of a cost-effective method of mitigating liquefaction-related damage to flume channels, which are important facilities as lifelines by supplying water to urban areas, has been required since the prediction of several large earthquakes in the near future throughout Japan. However, a budget of staggering proportions would be necessary to apply the usual countermeasures, such as improving the surrounding liquefiable ground by chemical feeding, to an entire canal. Against this background, the application of sheet-pile with drain as a reasonable mitigation method to reduce liquefaction-related damage to existing flume channels (i.e., uplift/sinking displacement and inclination) based on performance-based design has been studied by authors . The seismic performance of flume channels is verified from comparison between the predicted response behavior of the structures involved and the criteria applied. Proposal of an accurate method to predict this response behavior as well as the stipulation of seismic performance requirements is therefore very important. In this study, several shaking table tests were conducted to confirm the effectiveness of the proposed method. Moreover, the experimental reproducibility of the analysis was confirmed, and the effectiveness of the proposed method with respect to actual-scale structures based on this analysis was verified.
Proposal of a reasonable liquefaction countermeasure
Steel sheet-pile with drain has steel channels containing a number of outlets to allow water to drain from sand layers, making it capable of reducing excess pore water pressure generated by earthquakes (as shown in Figure 1 ). This method offers high applicability in urban areas due to the characteristics of its construction performance, as well as preventing shear deformation of liquefied soil from outside the sheet-pile enclosure and reducing excess pore water pressure inside it. 
ANALYTICAL STUDY

Experimental simulation (1) LIQCA numerical code
The governing equations for coupling problems between the soil skeleton and pore water pressure were obtained based on two-phase mixture theory (Biot, 1962) and u-p (displacement of solid-phase pore water pressure) formulation was adopted in two-dimensional analysis. The finite element method (FEM) was employed for spatial discretization of the equation of motion, while the finite difference method (FDM) was employed for spatial discretization of pore water pressure in the continuity equation. In this simulation, a cyclic elasto-plastic model (Oka et al., 1999) was used to represent the sand layer.
(2) Experimental procedure
Steel channel
Hole with mesh
The layout and conditions of the instrumentations for the model tests are shown in Figure 2 and Table 1 , respectively. The soil container used for the tests was a rigid box. The dimensions of the model were determined on the basis of the similitude law with respect to the dynamic response of saturated soil (Iai, 1988) to represent an approximate 1/20 geometrical scale model. The viscosity of the pore fluid was set at about 9.5 times that of water in consideration of similarity to the permeability of saturated soil. Two rigid boxes with their specific gravity adjusted in consideration of actual structures were installed as the canal models. The steel-plate sheet-pile model was set up with hinged supports at the bottom of the soil container. In the case of sheet-pile with drain, a pre-fabricated thin drain mat was attached to the inner surface of the sheet-pile to avoid influencing flexural rigidity.
(3) Scenario earthquake in this study
The input motion in the shaking table tests is shown in Figure 3 . This study assumes the worst-case scenario of both the Tokai and Tonankai earthquakes occurring simultaneously. The value used for the seismic wave in the base ground was estimated by the Central Disaster Prevention Council. The deduced seismic wave at the bottom of the liquefiable sand deposit was then calculated by applying SHAKE (a one-dimensional equivalent linear analysis code) to the wave in the base ground. In these shaking table tests, the time scale of the seismic wave was adjusted based on the similitude law, and the amplitude of acceleration was adjusted to be twice the size of the original wave to clarify the resulting phenomena. Figure 4 shows an element division chart of the model ground. The saturated sand layer and embankment were represented by plane strain element with a cyclic elasto-plastic model, and the flume channel was represented by a linear beam element that the specific gravity of the model was adjusted in consideration of the real structure. The sheet-pile was represented by a linear beam element, and a joint element in which friction and slipping could be considered was arranged between the ground and the flume channel as well as between the ground and the sheet-pile. The boundary conditions were as follows:
(4) Conditions for analysis
a) The bottom of the ground was fixed.
b) The side boundary of the dynamic analysis was assumed to be fixed in the horizontal direction c) The drainage boundary was set on the sand layer while the other surfaces were impermeable, and the inner surface of the sheet-pile only in the case of sheet-pile with drain was set as the drainage boundary.
(5) Parameters for the constitutive model
The parameters for the constitutive model adopted (the liquefaction resistance curve, the stress-strain relationship and the effective stress path obtained from the element simulation) are shown in Table 2 , and in Figures 5, 6 and 7, respectively. In this simulation, the physical properties were determined considering not only the liquefaction resistance curve but also the stress-strain relationship and the effective stress path indicated by the results of un-drained cyclic torsional shear tests performed before the shaking table tests . In particular, it should be considered that these shaking table tests were conducted under a level of confirming stress lower than that in the un-drained cyclic torsional shear tests. Liquefaction resistance increased with reductions in the initial effective mean principal stress within the range below about 50kPa (Yasuda et al., 2003) . Property-2 was adopted in this simulation.
(6) Reproducibility of experimental results
The deformed configuration of the model, the contours of the excess pore water pressure ratio after shaking, and the time history of displacement in the canal models Acceleration (gal) in both the experiment and the analysis in the case without countermeasure is shown in Picture 1 and in Figures 8, 9 , and 10, respectively. The deformation properties of the ground as shown by the experimental and analytical results roughly corresponded. The residual deformation of the canal without countermeasure was mainly induced by settlement of the embankment and the extension of shear deformation in the liquefied soil to the area under the canal, where the liquefied ground suffered lateral compression from the surrounding soil. This deformation was caused by the difference in the effective overburden pressure between the area below the canal model and the area outside it. Moreover, the uplift of the canal model due to the buoyancy and movement of pore water toward the soil below the canal was also created (Koseki et al., 1997) . A cavity was created below the canal in the case without countermeasure, causing a slight difference in the results of experiment and analysis. Figure 6 . Stress-strain relationship. Meanwhile, the deformation of the canal models was greatly reduced in the case with sheet-pile with drain as shown in Picture 1, and in Figures 8, 9 , and 10, respectively. The sheet-pile served to damp the shear deformation of the liquefied soil, containing it to within a narrow range inside the sheet-pile enclosure. Moreover, the excess pore water pressure in the vicinity of the sheet-pile dissipated during shaking due to the drainage effect in the case of sheet-pile with drain as shown in Figure 11 . As a result, soil strength was retained between the canal and the sheet-pile, and shear deformation of the liquefied soil inside the sheet-pile enclosure was not easily generated. Moreover, the pore water inside the sheet-pile enclosure dissipated not only vertically but also horizontally toward the drain in front of the sheet-pile. Hence, the excess pore water pressure was dissipated promptly as shown in Figure 12 , so the deformation of the canal models due to the movement of pore water was reduced after shaking. A summary of the experimental results' reproducibility is shown in Table 3 . Good reproducibility for dynamic FEM analysis (LIQCA code) with respect to the results of the experiments is confirmed. Analysis of actual-scale flume channel (1) Target structure Reasonable liquefaction countermeasure grounded on performance-based design for Kisogawa water channel has been studied by authors (Hara et al., 2009 ). This is a long facility (24.3km), consisting of an RC flume (22.2km), a box tunnel (0.1km), a box siphon (1.2km) and a water gate (0.7km), and operates with a daily average water volume of 34.5m 3 /s. These structures are built in liquefiable ground. A representative cross section of Kisogawa water channel is shown in Figure-12 . (2) Conditions for analysis Figure 13 shows an element division chart of the model ground. The boundary conditions were as follows: a) The bottom of the ground was fixed.
b) The side boundary of the dynamic analysis was assumed to have half-space ground conditions in the horizontal direction c) The drainage boundary was set on the sand layer while the other surfaces were impermeable, and the inner surface of the sheet-pile only in the case of sheet-pile with drain was set as the drainage boundary. The parameters for the constitutive model adopted (the liquefaction resistance curve, the stress-strain relationship and the effective stress path obtained from the element simulation) are shown in Table 4 , and in Figures 14, 15 and 16, respectively. of Kisogawa water channel) without countermeasure and with sheet-pile with drain was carried out from deformation analysis (LIQCA numerical code), which can reproduce the experimental results. The scenario earthquake adopted in this simulation was the simultaneous occurrence of both the Tokai and Tonankai earthquakes, as in the case assumed for the experiments. Figures 17 and 18 show the results of the deformation and the time history of vertical displacement in the flume channel, respectively. According to these results, the maximum subsidence of the water-supply channel was 1.54m, and the uplift displacement of the drainage channel was 0.50m in the case without countermeasure. Conversely, from the effect of the countermeasure with dissipation of excess pore water pressure in the surrounding soil (which restricts the movement of the soil inside the sheet-pile enclosure), the maximum subsidence of the water-supply channel was 0.47m, and the uplift displacement of the drainage channel was 0.37m in the case with sheet-pile with drain. This conclusively confirmed the effectiveness of the proposed countermeasure for actual-scale structures. 
